C onnective tissue diseases (CTDs) are systemic disorders that share certain clinical characteristics, including inflammation of the joints, serosal membranes, connective tissues, and blood vessels in various organs. The lung is a particularly vulnerable target organ of the CTDs, and 20-60% of CTDs complicates ILD (1) . The CTD-associated interstitial lung disease (CTD-ILD) sometimes exhibits a severe and progressive ILD with high morbidity and mortality. Many ILDs are characterized by the accumulation of inflammatory cells within the lung, followed by the progressive deposition of extracellular matrix and the subsequent destruction of lung airspaces (2, 3) . Analyses of inflammatory cells using bronchoalveolar lavage (BAL) of CTD-ILD patients showed an accumulation of neutrophils with or without increased percentages of lymphocytes (4, 5) , and neutrophils were reported as important effector cells and associated with poor outcome of CTD-ILD (5) (6) (7) (8) .
Immunohistochemical analysis of open lung biopsy specimens obtained from ILD patients also revealed that the density of plasma cells, neutrophils, macrophages, CD3 + , CD4
+ , and CD8 + T cells is significantly increased in the interstitium of ILD (3) , and a previous report showed that the increased number of CD4 + T cells in lung tissue was the characteristic of CTD-ILD (9) . These reports suggested that not only lymphoid cells but also myeloid cells contribute to the pathogenesis of CTD-ILD. However, BAL and lung biopsy in patients with severe ILD are invasive and risky examinations; we still do not have enough information about severe ILD, and there are still many unknown mechanisms underlying the development of severe CTD-ILD. As a result of these difficulties, there have been few advancements in therapy for severe ILD for more than half a century. The major cause of these stagnations is the lack of suitable animal models for severe CTD-ILD. Although the pathogenesis of ILD has been investigated using animal models such as the murine bleomycin-induced pulmonary fibrosis model, most of these ILD models exhibit not progressive, but acute and transient disease (10) . Moreover, most of the animal models are not related to autoimmunity, are fibrosis dominant, and do not fully recapitulate the histologic pattern of CTD-ILD (10) . Therefore, it has been difficult to examine the entire pathogenesis of severe CTD-ILD and the effects of therapeutic interventions.
SKG mice, a mutant of the gene encoding ZAP70, spontaneously develop CD4 + T cell-mediated autoimmune arthritis and also develop extra-articular manifestations, including ILD (11, 12) . For this point, ILD in SKG mice could be a good candidate of a murine CTD-ILD model. However, the histological analyses in previous reports were not detailed, and the chronicity, prognosis, or etiology of ILD in SKG mice has yet to be clarified. The mutation of ZAP70 in SKG mice alters the sensitivity of T cells to positive and negative selection in the thymus, leading to production of potentially autoimmune T cells (11, 13) . Injection of zymosan, a crude extract of b-glucans or purified b-glucans, activates innate immunity via TLR and Dectin-1 and drives differentiation and expansion of Th17 cells (14) . In addition, complement activation by b-glucans also contributes to promote Th17 differentiation in synergy with GM-CSF (15) . These activated Th17 cells are reported to be responsible for the development of SKG arthritis, as adoptively transferred IL-17A +/+ CD4 + T cells did and IL-17A
2/2 CD4 + T cells did not induce arthritis (13) . In contrast, neutralizing IL-17 itself has proven to be a rather unsatisfactory method for blocking Th17 cell-mediated disease, giving only partial efficacy, which suggests that additional factors may be more important in Th17-mediated disease (16) (17) (18) . Recent reports demonstrated that not IL-17A, but GM-CSF was critical for the pathogenesis of Th cells in experimental autoimmune encephalomyelitis, which had been known as a Th17-mediated disease (19, 20) . Similarly, the other recent report showed CD4 + T cell-derived GM-CSF contributed to inflammatory aortic aneurysms in a genetic model of Smad3 deficiency (21) . Therefore, GM-CSF may also be a major contributor to triggering other autoimmune diseases previously known as Th17-mediated disease, such as SKG arthritis and/or its extra-articular manifestations.
In this study, we described that zymosan-treated SKG mice developed chronic-progressive and fatal ILD over several months. Because this ILD shared many histological characteristics with CTD-ILD and showed remarkable chronicity and severity, it is a useful model to understand severe CTD-ILD. Furthermore, we found that the blocking of IL-17A, GM-CSF, or IL-6 signals differently modified ILD and arthritis in this mouse. Among them, the neutralization of GM-CSF completely blocked the development of this ILD. These results suggested that the neutralization of GM-CSF would be a potential strategy for treatment of severe CTD-ILD.
Materials and Methods
Mice SKG (CLEA Japan) and BALB/c mice (Japan SLC) at 7-12 wk were used. All mice were kept in specific pathogen-free conditions within the Institute of Laboratory Animals, Graduate School of Medicine, Kyoto University. All mice were treated in accordance with the guidelines for animal care approved by the Animal Experimentation Committee of Kyoto University (MedKyo 11052).
Induction of arthritis and ILD in SKG mice
Seven-to eight-week-old female mice were given a single i.p. injection of 7.5 mg/20 g body weight of zymosan (Sigma-Aldrich) suspended in 0.5 ml PBS or 0.5 ml PBS as a control, as previously described (14) .
Clinical assessment of arthritis
Joint swelling was monitored by inspection and scored as follows: 0, normal; 1, mild, but definite redness and swelling of the ankle or wrist, or apparent redness and swelling limited to individual digits; 2, moderate redness and swelling of ankle or wrist; 3, severe redness and swelling of the entire paw, including digits; and 4, maximally inflamed limb with involvement of multiple joints. Clinical scores were represented as the total score of four paws.
Histology and histological score of the lung
The left lung and the other organs were inflated with 4% paraformaldehyde and paraffin embedded. Cryostat sections were stained with H&E and also subjected to Masson's trichrome staining. All images were captured using a Keyence BZ-9000. The severity of ILD was evaluated by measuring diffusely affected area, as previously reported (22) . To score the mean of affected area with cellular infiltration precisely and exclude subjective assessment, three lung images per one mouse were randomly sampled, and all image processing was conducted by blinded method. The obtained lung images were converted to 8-bit grayscale, and the minimum and maximum points of the grayscale of each image were resettled 0 and 255 points, respectively, according to their histograms. The mean densities of the whole lung areas were then calculated by Image J software (Wayne Rasband). Each histological score of lung was described as the mean score of three images.
ELISA
Cytokines were measured by ELISA kits (eBioscience), according to the manufacturer's instructions. We confirmed that the existence of neutralizing/blocking Abs did not interfere with ELISA. To measure mouse anti-rat IgG Abs (Abs against anti-mouse GM-CSF Ab), the Coster 9018 ELISA plates were coated with 0.5 mg/ml rat anti-mouse GM-CSF Ab (eBioscience) in carbonate buffer and incubated overnight at 4˚C. Subsequently, the plate was washed with 0.05% Tween 20 containing PBS and blocked with assay diluent (eBioscience) for 1 h. Samples and mouse anti-rat IgG (H+L; Jackson ImmunoResearch Laboratories) as standards were diluted with assay diluent and added to the wells after washing. After 1-h incubation at room temperature, the plate was washed and 0.01 mg/ml peroxidase-conjugated F(ab9) 2 fragment of rabbit anti-mouse IgG Ab (Jackson ImmunoResearch Laboratories) was added as detection Ab and then incubated at room temperature for 1 h. After extensive washing, tetramethylbenzidine solution (eBioscience) was added, and, subsequently, 1 M H 3 PO 4 was added to stop the reaction. The OD values at 550 nm were subtracted from those at 450 nm, and the values of samples were determined.
Isolation of lung-infiltrating cells
Mice were euthanized by exsanguination under chloroform-anesthesia, and then the lungs were perfused with PBS via hearts to remove blood cells. The right upper lobe was minced and digested in collagenase D (Roche Applied Science) for 30 min at 37˚C. Following digestion, 100 ml 100 mM EDTA was added and incubated for 5 min at 37˚C. Subsequently, digested lungs were filtered through a 100-mm nylon filter and the cells were collected.
Intracellular cytokine staining
Cell stimulation with PMA and ionomycin and intracellular cytokine staining were performed, as previously described (23) . Pacific Blue-conjugated anti-CD3 (17A2), allophycocyanin-Cy7-conjugated anti-CD4 (RM4-5), PE-conjugated anti-F4/80 (CI:A3-1), allophycocyanin-conjugated anti-IL-17A (TC11-18H10.1), PE-Cy7-conjugated anti-IFN-g (XMG1.2), PE-conjugated anti-IL-6 (MP5-20F3), and PE-conjugated anti-IL-4 (11B11) were purchased from BioLegend; PerCP-Cy5.5-conjugated anti-CD8 (53-6.7), PerCP-Cy5.5-conjugated anti-CD11b (M1/70), PE-Cy7-conjugated anti-CD45R (B220) (RA3-6B2), FITC-conjugated anti-Gr1 (RB6-8C5), FITC-conjugated anti-GM-CSF (MP1-22E9), and FITC-conjugated anti-TNF-a (MP6-XT22) were purchased from eBioscience. Data of flow cytometry were acquired on LSR Fortessa (BD Biosciences) and analyzed with FlowJo software (Tree Star).
Cell culture
We prepared single-cell suspensions of fresh splenocytes, and naive CD4 + T cells were sorted by MACS CD4 + T cell-negative selection (Miltenyi Biotec), followed by BD FACS Aria II (BD Biosciences) for CD4 + CD8 2 CD62L + cells. A total of 1.25 3 10 5 CD4 + CD62L + T cells was stimulated with 4 mg/ml anti-CD3 (2C11; eBioscience) and 5 mg/ml anti-CD28 (BioLegend) and cultured with 5 U/ml human rIL-2 (PeproTech) in 1:1 mixed medium of RPMI 1640 medium and DMEM supplemented with 10% FCS and 50 mM 2-ME, penicillin, and streptomycin for neutral condition (Th0), or with the following cytokines and neutralizing Abs for the desired polarization: IL-12 (1 ng/ml; PeproTech) and anti-IL-4 (20 mg /ml; eBioscience) for Th1 condition; IL-4 (50 ng/ml; Peprotech) and anti-IFN-g (10 mg/ml; BioLegend) for Th2 condition; and IL-6 (20 ng/ml; BioLegend), TGF-b (10 ng/ml; WAKO), and anti-IFN-g (10 mg/ml) for Th17 condition.
A total of 4 3 10 4 resident peritoneal macrophages was sorted by BD FACSAria II for forward light scatter high , side light scatter high , CD11b high cells from lavage of the peritoneal cavity with 5 ml PBS with 2 mM EDTA and cultured with 100 ng/ml LPS (Sigma-Aldrich), 1 mg/ml zymosan (Sigma-Aldrich), and with or without GM-CSF (WAKO). In ex vivo culture, 1 3 10 6 fresh splenocytes were cultured with 5 mg/ml Con A, 5 mg/ml LPS, 10 mg/ml zymosan, or 100 mg/ml curdlan (Sigma-Aldrich).
Hydroxyproline measurement
The right middle lobe was homogenized in 1 ml PBS and centrifuged at 2000 rpm for 10 min. The supernatants were incubated with equal volume of 12 N HCl at 110˚C for 8 h. Then lung collagen levels were evaluated by quantifying hydroxyproline, as previously described (24) . from eBioscience. SKG mice received 12 weekly i.p. injections of 100 mg these Abs or PBS from the day of zymosan injection. MR16-1 (rat antimouse IL-6R Ab) was provided by Chugai Pharmaceutical (Kanagawa, Japan). The isotype Abs of MR16-1, rat IgG1k, were purchased from eBioscience. To prevent the production of anti-MR16-1 Ab, mice were i.p. injected with 2 mg MR16-1 on the day of zymosan injection, and then followed by 11 weekly i.p. injections of 0.5 mg MR16-1, as previously reported (25) . After 12 wk, mice were euthanized and analyzed.
Statistical analysis
All analyses were performed using GraphPad Prism 5 software (GraphPad Software). The Mann-Whitney U test was performed for two-group comparisons. Kruskal Wallis test was performed for multiple group comparisons. Log-rank test was performed for analysis of survival curves. The p values ,0.05 were considered statistically significant. Error bars in all figures indicate SEM; *p , 0.05, **p , 0.01, ***p , 0.001.
Results
Zymosan-treated SKG mice develop chronic-progressive and fatal ILD over several months
We found that zymosan-treated SKG mice gradually lost their weight and showed progressive debilitation to death, and this was not observed in zymosan-treated BALB/c mice or PBS-treated SKG mice (Fig. 1A, 1B ). Histological analysis revealed that zymosan-treated SKG mice at the terminal phase had severe ILD characterized by massive infiltration of inflammatory cells with massive fibrosis without honeycombing, which was not observed in zymosan-treated BALB/c mice (Fig. 1C, 1D ). Although SKG mice were also reported to develop dermatitis and ileitis, the infiltration of inflammatory cells in these tissues and the other organs was mild (Fig. 1F, Supplemental Fig. 1 ). Time series analyses revealed the ILD in zymosan-treated SKG mice showed temporally uniform and chronic interstitial cellular infiltration with fibrosis, which started in peribronchovascular lesion and accompanied follicular bronchiolitis, which was commonly seen in CTD-ILD (26) , in the early phase (Fig. 1E, 4 and 6 wk). These histological characteristics were in accordance with the nonspecific interstitial pneumonia (NSIP) in CTDs. In the later phase, the infiltration of inflammatory cells was gradually increased, and massive infiltration was extended to both peribronchiolar and alveolar spaces (Fig. 1E, 8 and 12 wk). The overlap of the histological pattern and the progressive exacerbation of ILD in this mouse also showed a marked similarity to CTD-ILD (27) . The histological score of zymosan-treated SKG mice started to increase from the sixth week after zymosan injection and reached a peak at the twelfth week, but these changes were not observed in zymosan-treated BALB/c mice (Fig. 1G) . Furthermore, increase of histological scores well correlated with the body weight losses and their elevated mortality (Fig. 1A, 1B, 1G ). These findings indicated that the possible leading cause of death was respiratory failure by progression of ILD. Collectively, these results indicated that zymosan triggered chronic inflammatory cell infiltration into the lung and consequently developed chronic-progressive and fatal ILD, which had similar characteristics with severe CTD-ILD.
ILD in zymosan-treated SKG mice is characterized by the infiltration of IL-17A-or GM-CSF-producing T cells as well as CD11b +
Gr1
+ neutrophils
Next, we further investigated the characteristics of ILD in zymosan-treated SKG mice. After 18 wk from zymosan or PBS treatment, the histological scores of the lungs revealed marked increases in zymosan-treated SKG mice ( Fig. 2A) . The development of fibrosis in zymosan-treated SKG mice was confirmed by hydroxyproline estimation of lungs (Fig. 2B) . The histological scores of zymosan-treated BALB/c mice also slightly increased compared with those of PBS-treated BALB/c mice; however, zymosan-treated SKG mice had statistically higher histological score compared with zymosan-treated BALB/c mice, and the pulmonary hydroxyproline level of zymosan-treated BALB/c mice was statistically not different from that of PBS-treated BALB/c mice ( Fig. 2A, 2B (Fig. 2C, 2D ). The number of CD4 + T cells, CD11b + Gr1 2 macrophages/monocytes, and IL-6-producing macrophages/monocytes (CD11b + Gr1 2 IL-6 + ) of zymosan-treated SKG mice also tended to be higher than that of PBS-treated SKG mice, but they were not statistically significant. Some fractionations of lung-infiltrating cells in zymosan-treated BALB/c mice also seemed to be higher than those in PBS-treated BALB/c mice; however, it was not statistically significant except for the number of CD8 + T cells. Serum IFN-g and IL-6 were increased in zymosan-treated SKG mice compared with PBS-treated SKG mice. Serum IL-17A was also higher in zymosan-treated SKG but not statistically significant. Both serum GM-CSF and IL-4 were not detected in all groups (Fig. 2E) . These results implied the possibility that IL-17A-producing CD4 + T cells as well as GM-CSF-producing CD4 + T cells, which may be distinct Th cells from Th17 cells, and IL-6-producing macrophages/monocytes contributed to the development of ILD in zymosan-treated SKG mice, and these upregulated cytokines contributed to neutrophil infiltration into the lung.
IL-6 and IL-1b production from macrophages of SKG and BALB/c mice is functionally equivalent Zymosan is widely known as a strong activator of innate immunity and induces secretion of proinflammatory cytokines such as IL-6 or IL-1b by macrophages (28) . Intraperitoneally injected zymosan is basically thought to activate residential peritoneal macrophages and then initiates systemic inflammatory process. The differentiation of Th17 cells is known to be driven by macrophage-derived IL-6 in SKG mice (15) , and GM-CSF-production by CD4 + T cells is reported to be regulated by inflammasome-derived IL-1b (29) . However, because SKG mice are mutants of gene encoding ZAP70 in T cells, the ability of SKG macrophages to drive IL-17A-or GM-CSF-producing T cell differentiation itself is considered equivalent to that of BALB/c macrophages. Therefore, SKG T cells themselves must have a high potential to differentiate into IL-17A-or GM-CSF-producing cells. To assess this hypothesis, we analyzed the ability of macrophages from SKG and BALB/c mice to induce the differentiation of IL-17A-or GM-CSF-producing T cells. The FACS-sorted peritoneal macrophages of SKG or BALB/c mice were cultured with zymosan or LPS for 72 h, and the concentrations of IL-6 and IL-1b in the culture supernatants revealed there was no difference between SKG and BALB/c (Fig. 3A) . We also analyzed the effect of GM-CSF at the various concentrations to enhance these cytokine productions from macrophages in the presence or absence of LPS or zymosan. Again, IL-6 and IL-1b productions of SKG and BALB/c macrophages were equally and significantly enhanced by GM-CSF (Fig. 3) . Taken together, these results indicated that the differences of the phenotype of zymosan-treated SKG or BALB/c mice do not depend on the qualitative differences of their macrophages.
The Journal of ImmunologySKG T cells were skewed to differentiate into GM-CSF-or IL-17A-producing cells, and they are enhanced by macrophages Freshly isolated splenic SKG CD4 + T cells contained higher proportion of both GM-CSF-producing T cells and IL-17A-producing T cells (Fig. 4A) . To compare the capacity of T cells to differentiate into IL-17A-or GM-CSF-producing T cells, FACSsorted highly purified CD4 + CD62L + naive T cells from SKG or BALB/c mice were stimulated with anti-CD3 and anti-CD28 Abs for 5 d (neutral condition). FACS analyses of these T cells revealed that naive T cells from SKG mice differentiated into IL-17A-producing T cells or GM-CSF-producing T cells more preferentially than that from BALB/c mice (Fig. 4B) . This result was confirmed by ELISA using culture supernatants of the same cells, although the difference of IL-17A concentration was not statistically significant (Fig. 4C) . Moreover, SKG CD4 + T cells are also prone to differentiate into IL-17A-or GM-CSF-producing T cells, even under Th1, Th2, or Th17 conditions, although there was no statistical difference between the frequency of GM-CSFproducing cells in SKG T cells and that in BALB/c T cells under the Th2 condition (Supplemental Fig. 2A, 2B) . These results suggested that SKG CD4 + T cells are primarily skewed to IL-17A-or GM-CSF-producing T cells both in vitro and in vivo. To further confirm these results, we cultured freshly isolated splenocytes from BALB/c or SKG mice with or without Con A, LPS, zymosan, or curdlan for 3 d to mimic in vivo conditions, and determined the concentration of IL-17A and GM-CSF in the supernatants by ELISA. As shown in Fig. 4D and 4E, SKG splenocytes produced higher amount of IL-17A and GM-CSF than BALB/c splenocytes in response to Con A stimulation, but single stimulation by LPS, zymosan, or curdlan did not increase IL-17A or GM-CSF production in either BALB/c or SKG splenocyte cultures. However, costimulations of both T cells and non-T cells by Con A with LPS or zymosan or curdlan significantly amplified both IL-17A and GM-CSF productions. Furthermore, the concentrations of these two cytokines from SKG splenocytes were higher than that from BALB/c (Fig. 4D, 4E ). These results in Fig. 4 and Supplemental Fig. 2 collectively indicate that SKG T cells differentiate into IL-17A-or GM-CSF-producing T cells more preferentially than BALB/c T cells. Although macrophages from SKG and BALB/c mice had no qualitative differences, GM-CSF promoted IL-6 and IL-1b production from them dose dependently, as shown in Fig. 3 . Therefore, it appears that higher production of GM-CSF by SKG T cells promotes higher IL-6 and IL-1b production from macrophages, which in turn promotes further preferential differentiation and expansion of IL-17A-or GM-CSF-producing T cells. In conclusion, GM-CSF-secreting SKG T cells might be a key factor to exacerbate the vicious circle of IL-17A-or GM-CSF-producing T cell expansion.
Blocking of IL-17A, GM-CSF, or IL-6 signal differently modified ILD and arthritis of zymosan-treated SKG mice
We next examined the effect of blocking IL-17A, GM-CSF, or IL-6 signals on the development of ILD and arthritis in zymosan-treated SKG mice using their neutralization/blocking Abs. Each group of SKG mice received 12 weekly i.p. injections of either anti-IL-17A Ab, anti-GM-CSF Ab, anti-IL-6R Ab, or their isotype control Abs from the day of zymosan injection. Another group of SKG mice received 12 weekly i.p. injections of PBS instead of mAbs after zymosan injection as a control of isotype Abs, and showed that there was no statistical difference among weekly PBS-treated SKG group and all the isotype Ab-treated SKG groups in the weight change ratio, histological score, or pulmonary hydroxyproline level, indicating that these isotype control Abs are not pathogenic on their own (Supplemental Fig. 3 ). As shown in Fig. 5 , GM-CSF neutralization completely prevented the weight loss (Fig. 5A, middle) and inhibited the progression of arthritis in zymosan-treated SKG mice (Fig. 5B, middle) . In contrast, IL-17A neutralization did not suppress the weight loss but slightly suppressed the progression of arthritis in zymosan-treated SKG mice (Fig. 5A, 5B, left) . Blocking of IL-6 signal weakly suppressed the weight loss (but it was not statistically significant) but did not affect the progression of arthritis in zymosan-treated SKG mice (Fig. 5A, 5B, right) . Histological analysis after 12 injections revealed that GM-CSF neutralization and IL-6 signal blocking inhibited ILD progression in zymosan-treated SKG mice; however, IL-17A neutralization did not at all (Fig. 5C, 5D ). The estimation of fibrosis by hydroxyproline confirmed these histological findings (Fig. 5E ). These results demonstrated that IL-17A, GM-CSF, and IL-6 have different roles in ILD and arthritis of zymosan-treated SKG mice, and that GM-CSF and IL-6 were more potent molecular targets to treat ILD in this mouse than IL-17A. To examine the completeness of IL-17A or GM-CSF neutralization, the serums of Ab-injected mice were diluted to indicated concentrations and added to the 500 pg/ml IL-17A-or GM-CSFcontaining sample. The concentration of IL-17A (Supplemental Fig. 4A ) and GM-CSF (Supplemental Fig. 4B ) in the samples was reduced serum dose dependently and revealed that those serums contained sufficient Abs to neutralize targeted cytokines even at the endpoint. Moreover, the concentration of anti-rat IgG Ab in the serums of anti-GM-CSF Ab or its isotype Ab-injected mice was negligible in most of them (Supplemental Fig. 4C ). These data confirmed that IL-17A or GM-CSF neutralization worked completely in this study without induction of Abs against the injected neutralization Abs.
GM-CSF neutralization strongly blocked infiltration of IL-17A-and GM-CSF-producing CD4
+ T cells and CD11b + Gr1 + neutrophils in the lung of zymosan-treated SKG mice
We next measured serum cytokines and fractionations of lunginfiltrating cells of treated mice in Fig. 5 . As shown in Fig. 6A , GM-CSF neutralization reduced the serum IFN-g, IL-17A, IL-6, and TNF-a, but, among them, only IL-6 decreased significantly. In contrast, IL-17A neutralization obviously shut off the serum IL-17A, but serum IL-6 was not decreased. In contrast, by blocking the IL-6 signal, all of these cytokines did not significantly change when compared with its isotype Ab-treated mice. IL-4 and GM-CSF were not detected in all groups (data not shown). These data suggested that IL-17A is dispensable for the progression of this ILD. As shown in Fig. 6B , flow cytometric analysis of infiltrating cells in the lungs revealed significant decrease of total cell counts in anti-GM-CSF Ab-treated mice and relative decrease in anti-IL-6R Ab-treated mice; however, there was no decrease in anti-IL-17A Ab-treated mice. These findings well correlated with the data in Fig. 5 . Moreover, GM-CSF neutralization significantly decreased the numbers of infiltrated total CD4 + T cells (especially IL-17A-, GM-CSF-, and IL-6-producing CD4 + T cells), CD11b + Gr1 + neutrophils, and IL-6-producing CD11b + Gr1 2 macrophages/monocytes. In contrast, blocking of IL-6 signal decreased CD11b + Gr1 + neutrophils only among these cell populations, and IL-17A neutralization did not decrease any of them. Notably, the number of GM-CSF + IL-17A 2 CD4 + cells, which are major GM-CSF-producing cells, was decreased by GM-CSF neutralization and partly by blocking of IL-6 signal, but that of GM-CSF + IL-17A + cells was decreased only by GM-CSF neutralization. These results demonstrated that the most potent molecular target to treat ILD in this mouse was GM-CSF, and that the infiltration of IL-17A-, GM-CSF-producing CD4 + T cells, IL-6-producing CD11b + Gr1 2 macrophages/monocytes, and CD11b + Gr1 + neutrophils progressed secondary to GM-CSF upregulation in the development of ILD in zymosan-treated SKG mice and can be inhibited by GM-CSF neutralization. Treatment by GM-CSF neutralization after the onset of ILD reduced the severity of ILD in zymosan-treated SKG mice
We next analyzed the effect of GM-CSF neutralization after the onset of ILD in zymosan-treated SKG mice. As the histological score of zymosan-treated SKG mice started to increase from the sixth week after zymosan injection (Fig. 1E) , each group of SKG mice received six weekly i.p. injections of either anti-GM-CSF Ab or its isotype Ab from the sixth week after zymosan injection. GM-CSF neutralization prevented the weight loss (Fig. 7A) and inhibited the progression of arthritis in zymosan-treated SKG mice (Fig. 7B) . Moreover, as shown in Fig. 7C and 7D , GM-CSF neutralization inhibited the progression of ILD in zymosan-treated SKG mice even after the onset of ILD. These results suggested the high potential of GM-CSF neutralization as a therapeutic strategy for severe CTD-ILD in humans (Fig. 8) .
Discussion
We described whole features of ILD in zymosan-treated SKG mice and showed that this model is a valuable animal model for CTD-ILD in terms of the chronicity (not self limiting), long time course (5-6 mo), and severity. The most common histological type of CTD-ILD is NSIP (27) , and the ILD in this mouse shared many characteristics with NSIP in CTD-ILD in the early phase in terms of the temporally uniform interstitial cellular infiltration and fibrosis, which started in peribronchovascular lesion without honeycombing or fibroblastic foci. Furthermore, it accompanied follicular bronchiolitis, which is one of the characteristics of CTD-ILD (26) . Moreover, in the later phase, the ILD in this mouse showed massive infiltration of inflammatory cells within both peribronchiolar and alveolar spaces. It is also known that a combination of different histological patterns and the progressive exacerbation is also pathognomonic and quite frequent in CTD-ILD (27) . Therefore, the histological characteristics of ILD in this mouse could be extrapolated to that of severe CTD-ILD. The underlying mechanisms of CTD-ILD development remain poorly understood because of the invasiveness of analyzing procedure such as BAL or open lung biopsy. CD8 + T cells (30, 31) , as well as some subtypes of CD4 + T cells, including Th2, regulatory T cells, and Th17 cells (32, 33) , and neutrophils (5-8) are reported as contributors of pulmonary fibrosis. However, in contrast with idiopathic pulmonary fiborosis, CTD-ILD is often characterized by a clearer response to immunosuppression, indicating that autoimmune/inflammatory mechanisms play a more significant and central role than fibrosis in CTD-ILD pathogenesis (27, 34) . Analyses of alveolitis using BAL fluid showed accumulation of neutrophils with or without increased percentages of T cells in the small airways of CTD-ILD (4, 5) , and neutrophils were reported as important effector cells and associated with poor outcome of CTD-ILD (5) (6) (7) (8) . The CD4/CD8 ratios in BAL fluid of CTD-ILD patients vary with reports (30, (35) (36) (37) (38) (39) ; however, a previous report showed that correlation between CD4/CD8 ratios in lung tissue and CD4/CD8 ratios in BAL fluid was weak and that CD4/CD8 ratio in BAL fluid would rather reflect the extent of fibrosis (40) . SKG arthritis is known to be mediated by Th17 cells (13) , but the mechanisms underlying the progression of ILD are yet to be clarified. In this study, we showed that high potential of SKG T cells to produce GM-CSF produced a different outcome between zymosan-treated SKG and BALB/c. GM-CSF was reported to upregulate TLR2, TLR4, and CD14 expression (41) (42) (43) and boost IL-6 and IL-1b production from macrophages (41, 44, 45) . Although serum concentration of GM-CSF in zymosan-treated SKG mice was very low and could not be detected by ELISA, we showed that GM-CSF could enhance the production of IL-6 and IL-1b by macrophages even at a low concentration (Fig. 3) . In addition, GM-CSF itself is a strong inducer of neutrophil infiltration (46) . Previous reports showed that overexpression of GM-CSF led to severe neutrophil and macrophage infiltration in multiple tissues, including lung (47) , and, as we showed, GM-CSF neutralization significantly inhibited the neutrophil infiltration into the lung of zymosan-treated SKG mice (Fig. 6B) . These results indicated that GM-CSF essentially contributed to the progression of ILD in zymosan-treated SKG mice both directly and indirectly.
GM-CSF is known as one of the Th17 cytokines; however, it is not exclusively produced by Th17 cells, but also by other T cell subsets, including CD8 + T cells. The number of GM-CSF-producing CD8 + T cells also increased in both zymosan-treated BALB/c and zymosan-treated SKG mice (Supplemental Fig.  4D ). However, the contribution of GM-CSF-producing CD8 + T cells to the development of ILD seems to be small, for the number of GM-CSF-producing CD8 + T cells is about one-tenth of that of GM-CSF-producing CD4 + T cells (Fig. 2C ) in zymosantreated SKG mice and is equivalent to that in zymosan-treated BALB/c mice. These results reinforced that GM-CSF + IL-17A 2 CD4 + T cells are main effector cells in this model. IL-17A is also known as a strong inducer of neutrophil infiltration (48), but IL-17A neutralization was not effective to prevent ILD in this mouse. Considering the previous report that no morphological change was found in the lungs of IL-17-overexpressing mice (49) and that serum IL-17A was almost completely diminished in anti-IL-17A-injected group and was not in anti-GM-CSF Ab-or anti-IL-6R Ab-injected group, IL-17A seemed not to be essential for the development of this ILD. In addition, there was no difference between zymosan-treated BALB/c and zymosantreated SKG mice in the serum IL-17AF heterodimer or IL-17F homodimer, the other IL-17 family members secreted by CD4 + T cells and having similar function (48) (Supplemental Fig. 4E ), indicating they are not important to the pathogenesis of this ILD either.
By contrast, anti-IL-6R Ab treatment resulted in partial amelioration of ILD in this mouse. Blocking of IL-6 signal reduced the number of GM-CSF + IL-17A 2 CD4 + T cells to some extent but not that of GM-CSF + IL-17A + CD4 + T cells, although GM-CSF neutralization reduced both of them (Fig. 6B ). These differences may be the cause of partial inhibition of ILD by blocking of IL-6 signal. In addition, considering that anti-IL-6R Ab or its isotype Ab-injected mice received higher amount of Ig than anti-IL-17A or anti-GM-CSF Ab-injected groups, higher Ig dosages themselves may have some curative effects as reported effect of highdose i.v. Ig therapy (50) . In fact, the severity of ILD and weight loss in the isotype Ab of anti-IL-6R-treated group seemed milder than that of anti-IL-17A isotype or anti-GM-CSF isotype Ab-treated groups, although there was no statistical difference (Fig. 5A, 5D , 5E, Supplemental Fig. 3 ).
In summary, we found that GM-CSF plays a key role by enhancing IL-6 and IL-1b production from zymosan-activated macrophages to promote the differentiation of IL-17A-or GM-CSFproducing T cells. Moreover, GM-CSF enhances granulopoiesis and neutrophil infiltration (Fig. 8A, 8B ). Therefore, GM-CSF neutralization strongly inhibited the progression of ILD in this mouse by blocking both positive feedback loop of IL-17A-and GM-CSF-producing T cell differentiation and the neutrophil infiltration induced by GM-CSF itself (Fig. 8D) . IL-17A neutralization failed to ameliorate this ILD, indicating that IL-17A is not a key molecule to the progression of this ILD (Fig. 8C) . Blocking of IL-6 signal resulted in partial inhibition of this ILD, indicating that it partially suppressed the differentiation of IL-17-and GM-CSF-producing T cells, and then neutrophil infiltration in lung (Fig. 8E) .
It is known that auto-Ab to GM-CSF is responsible for the development of pulmonary alveolar proteinosis (PAP) (51) , and GM-CSF-deficient mice develop abnormal lung virtually indistinguishable from human PAP (52) . However, only trace amounts of GM-CSF are needed for lung homeostasis, and neutralizing GM-CSF with Abs in mice has no demonstrated adverse reactions, indicating its wide therapeutic index (53) . In fact, there was no evidence for alveolar proteinosis in anti-GM-CSF Ab-treated mice such as foamy alveolar macrophages in a distinctive background of eosinophilic, granular, periodic acid-Schiff positive material filling alveoli (51) (Supplemental Fig. 4F ). Therefore, neutralization/blocking Abs are a useful approach and can easily receive clinical applications. Now, Mavrilimumab, anti-GM-CSF receptor a Ab, is being developed, and a phase II study in subjects with rheumatoid arthritis patients is reported to have significant efficacy and no serious adverse events, including PAP (54) . Regarding the fact that neutralization of GM-CSF ameliorated ILD in SKG mice even after the onset of ILD, it can provide a useful therapeutic strategy in CTD-ILD in humans.
In conclusion, we described that zymosan-treated SKG mice develop chronic-progressive and lethal ILD over several months, and ILD of this mouse shared many characteristics with severe CTD-ILD. Therefore, this ILD might be a useful mouse model for elucidating the underlying mechanism and devising effective treatment of severe CTD-ILD. Furthermore, we found that GM-CSF played a pivotal role in the pathogenesis of ILD in this mouse, and that neutralization of GM-CSF has great therapeutic potential. Because it is almost impossible to examine the pathology in life-threatening severe CTD-ILD in humans, further elucidation of the molecular mechanisms of ILD in this mouse would help in devising preventive or curative strategies for it.
